A method for determining the lactase activity of Saccharomyces fragilis is described. The yeast is treated with cetyltrimethylammonium bromide, and the products of lactose hydrolysis are fermented with S. mandshuricus. The formation of lactase in S. fragilis was studied by using the continuous culture technique. Lactase formation was inhibited by the presence of sugars in the medium a t concentrations greater than 0.001 yo (w/v), but the magnitude of the inhibition and the range of activity over which it occurred depended on the nature of the sugar in the medium. With media containing glucose or sucrose, activities up to 10 units lactase/mg. dry weight were found when the sugar concentration was less than 0.001 yo (w/v), while at high concentrations lactase activity was almost completely absent. With media containing galactose or lactose at concentrations less than 0.001 yo (w/v) activities of approximately 100 units lactaselmg. dry weight were observed, while at concentrations greater than 0.01 yo (w/v) the activity was less. The mean generation time of the organisms and the concentrations of growth factors, ammonium and hydrogen ions had, over the range tested, no significant effect on lactase formation. The lactase activity found in intact organisms was always lower than the activity found in disrupted organisms, irrespective of the conditions under which the yeast had been grown. Possible interpretations of this phenomenon are discussed.
the organisms and the concentrations of growth factors, ammonium and hydrogen ions had, over the range tested, no significant effect on lactase formation. The lactase activity found in intact organisms was always lower than the activity found in disrupted organisms, irrespective of the conditions under which the yeast had been grown. Possible interpretations of this phenomenon are discussed.
Lactase was isolated from a strain of Saccharomyces fragilis by Caputto, Leloir & Trucco (1948) and its properties studied. They found that its optimum pH value was 6.8 and that it was activated by manganese, magnesium or potassium ions. Roberts & McFarren (1953) studied the products of S. fragilis lactase action on lactose and found several oligosaccharides as well as glucose and galactose. R. Davies (unpublished results) found that a partially purified lactase preparation was activated by potassium ion and to a lesser extent by sodium ion, and that the activation by potassium ion was depressed by sodium ion. The latter worker also found that the lactase was unstable in water but fairly stable in solutions of potassium salts, the greatest stability being found in potassium phosphate buffer. I n contrast to the lactase of Escherichia coli, however, little work appears to have been performed on the conditions which govern the formation of this enzyme in S . fragilis.
The advantages of the continuous culture technique for studying enzyme formation in micro-organisms have been described in a previous paper (A. Davies, 1956 ). The present paper describes investigations on the effect of certain sugars and other carbon sources on lactase formation in Saccharomyces fragilis. The effects of the mean generation time of the organism, the concentrations of ammonium and hydrogen ions and of growth factors have also been studied.
Determination of lactase activity. R. Davies (unpublished results) found that lactase activity of Saccharomyces fragilis was increased following certain treatments which either disrupted the organisms or damaged the cell wall. In order to follow the effect of various growth conditions on the lactase content of s. fragilis it was therefore necessary to measure the enzymic activity under conditions which would eliminate the masking effect of the cell wall. The method adopted depends on the fact that galactose-adapted S. mandshuricus is unable to ferment lactose but ferments quantitatively both the products of lactose hydrolysis. The detergent cetyltrimethylammonium bromide (CTAB) rapidly ' unmasks ' the full lactase activity of S. fragilis, but the enzyme is rapidly denatured. However, the rate of denaturation is considerably decreased in a medium which contains a high concentration of lactose and potassium phosphate. On addition of S. mandshuricus the excess of CTAR is removed and gas evolution remains steady for long periods. Salton (1951) showed that bacteria can absorb up to half their dry weight of CTAB, though much smaller quantities exert a maximal effect on release of low molecular weight components from the cell. The action of detergents on micro-organisms seems to be dependent on the ratio of weight of detergent to weight of microorganism rather than on the concentration of the detergent (Gale & Taylor, 1947 , Salton, 1951 . This explains why it is possible to disrupt S. fragilis with CTAB, a procedure which completely inhibits its fermentation system, and then by employing large amounts of S. mandshuricus to remove the excess CTAB from solution without seriously affecting the fermentation rate of the latter yeast.
The method used for routine determinations of activity was as follows : 0.3 ml. of a suspension of Saccharomyces fragilis was placed in the main compartment of a double side-arm Warburg manometer vessel, together with 0.2 ml. of M-potassium phosphate buffer (pH 6.0). One ml. of 10 yo (w/v) lactose and 0.25 ml. of 0.4% (w/v) CTAB were placed in one side-arm; 1.25 ml. of S . mandshuricus preparation were placed in the other side-arm. The latter preparation consisted of 25 ml. of a washed, aqueous suspension of S. mandshuricus (100 mg. dry wt, organisms/ml.) to which 5 ml. M-potassium phosphate buffer (pH 6-0) and 1 i d . 0-1~-sodium azide were added; the preparation was then shaken for 3 hr. a t 25" to decrease the endogenous fermenta- Lactase formation in yeast 427 tion. After equilibration a t 25" the CTAB and lactose were tipped into the main compartment, the solutions thoroughly mixed and the S. mandshuricus preparation tipped a few seconds later. The variation between replicate estimations was f 5 yo. Lactase activity is expressed as pmole lactose hydrolysed/ mg. dry wt. organisms/hr. The unit of enzyme is that amount of enzyme which will hydrolyse lpmole lactose in 1 hr. at 25".
To check the results obtained by this procedure a second method was developed. Samples of Sacch,aromyces fragilis were measured into manometer cups and dried for 2 hr. over phosphorus pentoxide in vacuo (Lederberg, 1950) . Phosphate buffer and the S. mandshuricus preparation were then added to the dried yeast and 1 ml. 10% (w/v) lactose placed in the side-arm. The carbon dioxide evolved after tipping was measured at 25". The activities obtained using this method varied from 80 to 100 yo of those observed when the CTAB procedure was used.
Fermentation rates were determined in Warburg manometers at 25" according to the techniques of Umbreit, Burris & Stauffer (1949) , and were expressed in terms of Qg6,=p1. COJmg. dry wt./hr.
Chemicals. Kerfoots Biochemical Reagent Sugars were used throughout ; other chemicals were of analytical quality.
RESULTS

Lactase formation during growth in shaken $asks
The change in lactase content of Saccharomyces fragilis with time of growth under various conditions is shown in Fig. 1 . Curves marked A show lactase formation and growth in a medium initially containing 1-5 yo (w/v) glucose, 352 mg. ammonia-N/1. and 20 yo of the standard amount of growth factors.
The lactase content of the organisms remained low until growth had almost ceased and then rose rapidly to 4 units/mg. This rise in activity was concurrent with the disappearance of glucose from the medium. When the yeast was grown in a similar medium containing 0.1 yo (w/v) glucose, cell division ceased earlier and at a lower culture density than in the previous case. The lactase content was low at the beginning of the experiment and rose to approximately 3 units/ mg. during growth (Fig. 1, curves B ) .
With a medium containing 2 yo (w/v) glucose, 105 mg. ammonia-N/1. and 20 yo of the standard concentration of growth factors, the culture density was decreased compared to a culture grown on a medium containing 352 mg. ammonia-N/l. The yeast took 39 hr. to exhaust the medium of its glucose. I n these conditions the lactase content was low for most of the experiment (Fig. 1,  curves C ) .
When growth factors were present in the medium a t the standard concentra- In curves B the glucose concentration is plotted a t 10 times its actual concentration for clarity. Lactase formation during growth in the chemostat Media containing glucose. When Saccharomyces fragilis was grown in a chemostat supplied with medium initially containing 9.5 yo (w/v) glucose, 105pg. ammonia-N/ml. and standard concentrations of growth factors, the glucose concentration in the culture became steady at approximately 8 yo (w/v) , the nitrogen a t approximately 20pg./ml. and the lactase content of the resultant organisms was less than 0.1 unit/mg. dry wt. at all mean generation times. Similar results were obtained when the reservoir medium contained 2 yo (w/v) glucose; in this case the glucose concentration in the culture was always greater than 0.5 yo (w/v) ; the nitrogen Concentration was less than 3,ug./ml. for all flow rates except that corresponding to a mean generation time of 1.6 hr. where it rose to 7,ug./ml. In Fig. 3 lactase contents are plotted against mean generation time for organisms grown in media initially containing 0.5, 0.25 and O.lyo (w/v) glucose. In these cases the activity varied with the mean generation time but it could also be correlated with the glucose concentrations in the cultures. I n Fig, 4 , (compiled from the results of a large number of experiments) the lactase content is plotted against the logarithm of the glucose concentration in the culture for mean generation times of 3 hr. and 10 hr. The two curves are substantially the same, showing that the rate of cell division had little effect on lactase biosynthesis under these conditions. It would appear that lactase formation only occurred to a significant extent in media containing less than 0.001 yo (w/v) glucose. 
1.5
Eflect of growth factors and nitrogen concentration.
Growth in the chemostat can be controlled by decreasing the concentrations of growth factors. It is then possible to study the effect of growth factor deficiency and nitrogen and glucose excess. It was found that variations in nitrogen concentration or the nature of the growth factor which was limiting had little effect on the lactase content. The overriding effect of the steady-state glucose concentration in the culture is again shown in Fig. 5 in which the logarithm of the culture glucose concentration is plotted against the lactase content for the two cases ( a ) where the nitrogen concentration was less than 2pg./ml., ( b ) where it was greater than lOpg./ml. The two curves are almost identical a t glucose concentrations greater than 0.001 % (w/v) which is the limit of sensitivity of the sugar determination procedure. The hump on the second curve at 0.6y0 (w/v) glucose was obtained a t long mean generation times when growth was limited by biotin deficiency. Since this rise in activity did not occur when growth was limited by deficiency of other growth factors, it is probably due to the specific conditions of growth under biotin deficiency at long mean generation times and not to the presence of excess nitrogen in the culture. 
E' ect
of the pH value of growth medium. The pH value of cultures in the chemostat varied between pH 2.6 and 3.4, depending on the concentration of sugar in the medium. However, by adding appropriate amounts of potassium hydroxide to the medium it was possible to grow the yeast over a wide range of pH values in media of otherwise similar composition. When the basal medium contained 0.1 yo (w/v) glucose and the mean generation time was 4 hr., the lactase content increased from 8 to 11 units/mg. as the culture pH value was increased from 3.4 to 7.7. This difference was only twice that obtained when yeast was grown under constant cultural conditions in a 0.1 yo (w/v) glucose medium. When the pH value of the culture was increased from 7.7 to 8.3 the lactase content decreased from 11 to 1.2 units/mg. This decrease could be accounted for by the increase in the culture glucose concentration from undetectably low concentrations a t pH 7.7 to 0.014 yo (w/v) Lactose and galactose. The values of lactase content found in Saccharomyces fragilis grown in basal media +lactose or galactose showed a twofold to tenfold increase over those found in basal media + growth-limiting amounts of glucose.
This suggests, but does not prove, that lactose and galactose induced lactase formation by this organism. In Table 2 the relation between lactase content A . Davies and residual sugar in the culture is shown for growth on basal media containing 1.0 yo and 0.2 yo (w/v) lactose at various mean generation times, and it will be seen that the lactase content decreased as the steady state concentration of sugar in the medium increased. The nature of the sugar in the medium was not determined in either of these experiments, but evidence is presented in a later paragraph that it consisted of a mixture of lactose, glucose and galactose. It is not possible to state whether lactose itself has any inhibitory effect on lactase formation since the glucose in the culture might account for the observed reduction in enzymic activity. From a comparison of the activities found in the cultures grown in the O*2yo (w/v) and the 1.0% (w/v) lactose media it would appear that a concentration of sugar equivalent to O.Olyo (w/v) lactose in the culture exerted an almost maximal inhibitory effect on lactase formation. A similar dependence of lactase activity on sugar concentration was found for growth in galactose media under similar conditions (Table 3) . Since the lactase content did not vary unduly with mean generation time for growth on both the 1.0 yo (w/v) lactose and the 1.0 yo (w/v) galactose media, it would appear that the rate of cell division had little effect on the formation of lactase.
Mixtures of glucose and galactose. The effect of adding glucose to an exponentially growing culture of Saccharomyces fragilis which had a high lactase content was demonstrated by the following experiment. From a culture growing with a mean generation time of 3.7 hr. in the basal medium+0.2 yo (w/v) galactose, a 10 ml. sample was collected. Glucose was then added directly to the culture to give a final concentration of l*Oyo (w/v). Further samples were collected at intervals and their lactase contents determined. There was an immediate and rapid decrease in the lactase content followed by a rise (Fig. 6) . This experiment indicated that under these poorly regulated conditions an excess of glucose exerted an inhibitory effect on lactase formation. This diminution in activity does not necessarily imply that enzyme destruction was occurring, since a decrease in the activity of organisms collected from the chemostat would occur by a cessation of enzyme production coupled with continued growth.
The effect of adding galactose to a final concentration of l.Oyo (w/v) to a culture growing exponentially (mean generation time 3.5 hr.) in a 0.1 yo (w/v) glucose medium is shown in Fig. 6 (curve B ). An increase of lactase content was observed. Thus galactose, in the presence of glucose, stimulated the formation of lactase. By arranging two supplies of medium into one chemostat it was possible to obtain media containing various ratios of glucose and galactose, whilst maintaining the total hexose and all other constituents of the medium constant. The results are given in Table 4 . With a medium containing 0-007y0 (w/v) galactose in a total hexose concentration of 0.2 yo (w/v) a 250 yo increase in lactase content over the value found in a 0.2y0 (w/v) glucose medium was observed. The lactase content steadily increased as the ratio of glucose to galactose was decreased. With a medium initially containing 0.09 yo (w/v) galactose and 0-11 yo (w/v) glucose the lactase content reached 102 units/mg., a value not much smaller than that observed in a 0.2 yo (w/v) galactose medium.
When galactose was added to cultures growing in media containing glucose in concentrations greater than 0.2 yo (w/v) little effect on the lactase content was observed ( Table 5 ) .
Growth in other carbon sources. Because of the low growth rates of Saccharomyces fragilis in the presence of the compounds examined (Davies, 1956 ) cultures were grown in Roux bottles in basal medium + 1 yo (w/v) of the sodium salts of the substances listed below as carbon sources and the lactase content determined after various periods of growth.
With acetate the lactase content varied from 7.2 to 8.7 units/mg. This variation is not significant. With citrate the lactase content increased from 434 A. Davies 3.1 units/mg. in the early phases of growth to a maximum of 7.7 units/mg. 24 hr. after maximum growth was obtained and then decreased to 4.8 unitslmg.
With lactate the lactase content decreased from 2.9 unitslmg. in 'young' (18 hr.) cultures to 1.6 units/mg. in the phase of exponential growth and then increased again when growth ceased. With succinate the lactase content increased from 3-2 units/mg. a t the beginning of growth to a maximum of 5.4 unitslmg. when maximum growth was attained. With 1 yo (v/v) ethanol the lactase content was 8-10 units/mg. in cultures in the lag and early logarithmic phases of growth, then steadily decreased to 1 unit/mg. during the later stages of growth. With glycerol (1 yo, w/v) the lactase content remained steady at 8-6 unitslmg. until growth ceased when there was a decrease to 1.3 units/mg. 
Lactose fermentation and hydrolysis by intact Saccharomyces fragilis
When Saccharomyces fragilis was grown in the basal medium +galactose or lactose in either the chemostat or in Roux bottles, the rate of lactose fermentation was approximately equal to the rate of glucose fermentation, irrespective of the concentration of sugar in the medium or the rate of division (Table 6 ). Lactase formation in yeast 435 When S . fragilis was grown in media containing an excess of glucose, lactose was not fermented. When the yeast was grown with a mean generation time of 3.3 hr. in a medium initially containing 0.2 % (w/v) glucose, the organisms possessed lactase contents of 5.7, 6.1, 6.4, 6.5 and 6.6 units/mg., respectively, in five separate experiments. If the fermentation rates were determined by the lactase content these values would correspond to QE8* (lactose) = 510, 550, 570, 580, 590. The observed values for Q~A , (lactose) were 8.0, 6.3, 6-3, 5-5, 7.0. The QE8, (glucose) values for these organisms were 30, 32, 49, 22, and 26, respectively.
Partial replacement of glucose by galactose (even a t low concentration) in a medium initially containing 0.2 yo (w/v) glucose resulted in an increased rate of fermentation of lactose and of lactase activity ( Table 4) . That the products of lactase action on lactose are glucose and galactose was demonstrated in the following way. Washed organisms from a culture of Saccharomyces fragiZis grown on a medium containing 2 yo (w/v) lactose were dried over phosphorus pentoxide for 2 hr. in vacuo, resuspended in phosphate buffer and incubated with 3 yo (w/v) lactose for 30 min. at 25'. The yeast was removed by centrifugation and the sugars in the supernatant separated by single dimensional paper chromatography on Whatman no. 1 paper using ethyl acetate/pyridine/water (2 : 1 : 2) (Jermyn & Isherwood, 1949) as the solvent. The chromatograms were developed for 15 hr. at room temperature, dried, and the positions of the sugars located with aniline hydrogen phthalate (Partridge, 1949) . Sugars with RR values corresponding to lactose, glucose and galactose markers were found on the chromatogram; no other sugars were found.
Since Saccharomyces fragilis grown on a medium containing limiting concentrations ( < 0.25 %, w/v) of glucose possessed lactase contents of up to 10 units/ mg. (equivalent to Qg62=900), yet was unable to ferment lactose with a Qg& value greater than 8.0, although the rate of glucose fermentation was approximately four times this value, it would appear that the lactase was almost inactive in the intact organisms. A similar situation exists in organisms grown in media containing galactose or lactose. The lactase contents of organisms grown in lactose or galactose media were 20-400 times greater than those necessary to account for the rates of fermentation, while the rate of lactose hydrolysis by intact organisms (measured by the rate of lactose fermentation in the presence of 100 mg. of galactose-adapted S . rnandshuricus) was little greater than the rate of fermentation. Table 7 gives the results of two experiments in which the lactase contents and the rate of lactose hydrolysis by intact organisms were compared for organisms grown in Roux bottles in basal media +lactose, It will also be seen that the rates of fermentation and hydrolysis of lactose by intact organisms showed little variation between pH 3.0 and 6.0, whereas lactase in disrupted organisms was inactive at pH 3.0. I n this experiment the lactase content was determined on vacuum-dried S . fragilis, but CTAB-treated organisms behaved similarly. With intact organisms the rate of hydrolysis of lactose slightly exceeds the rate of fermentation. To determine the nature of the sugars released into the A . Davies medium a thick (100 mg. dry wt./ml.) suspension of S . fragilis was allowed to ferment lactose for varying periods of time. Samples were centrifuged a t 3000 g and the supernatant fluids run on paper chromatograms in ethyl acetate/pyridine/water. Before all the lactose had been utilized sugars with Rp values corresponding to lactose, glucose and galactose were detected. Visual comparison of the size and intensity of the glucose and galactose spots indicated that approximately equivalent amounts of these two sugars were present.
Galactose fermentation. Saccharomyces fragilis, grown in a medium containing an excess of glucose, was unable to ferment galactose. When the medium contained growth-limiting amounts of glucose the rate of galactose fermentation varied from zero to Q&=3-0. When the yeast was grown in a medium containing lactose or galactose, the rate of galactose fermentation varied from 5 to 90 yo of the rate of lactose fermentation ( Table 6 ).
DISCUSSION
The formation of lactase and of invertase by Saccharomyces fragilis is similar in many respects. The two processes resemble each other in their response to glucose in the culture medium, the amount of enzyme formed being small in media containing glucose a t concentrations exceeding 0.01 yo (w/v) and increasing simultaneously a t concentrations lower than this. Figs. 4 and 5 include several points for lactase content at a concentration of 0.001 yo (w/v) glucose; the points with the lower activities probably correspond to a higher concentration of glucose in the medium than the points at higher activities, but the precise glucose concentrations were not ascertained since they were below the limit of sensitivity of the sugar determination procedure. Lactase formation is stimulated by growth of S . fragilis in the presence of the enzyme substrate lactose as sole source of carbon. The stimulation is greater at lower substrate concentrations, suggesting that there is some inhibition of lactase formation by higher concentrations of lactose ( Table 2) . Galactose produces a similar response (Table 3) . Invertase formation shows a similar dependence on sucrose concentration (Davies, 1956) . Lactase formation, like invertase formation, is independent of the growth rate of S . fragilis and of the concentration of ammonia-N and growth factors. I n media containing excess glucose the lactase content of S . frugilis increases with rise in pH value and in this respect lactase formation is again similar to invertase formation. However, when the medium contains limiting amounts of glucose increasing the pH value from 3.4 to 7-7 has no significant effect on lactase formation, whereas invertase formation is minimal a t pH 5.4 and its activity increases as the pH departs from this value, and in this respect the two enzymes differ. The work of Wilkes & Palmer (1932) and of Demis, Rothstein & Meier (1954) suggests that invertase is associated with the surface of the organism. The much greater dependence on pH value of the lactase activity of disrupted organisms as compared with intact organisms (Table 7) suggests that the lactase of S. fragilis is separated from the environment by an osmotic barrier. The existence of such a barrier might also account for the increase in lactase activity observed on disruption of the organisms if it had a restricted permeability to lactose. 
5.3
Lactose fermented by intact S. fragilis 4.3 3.9 4-0
4-2
It is clear that growth of Saccharomyces fragilis in media containing lactose or galactose results in an increased formation of lactase and an increased rate of fermentation of lactose. If the rate of lactose utilization is partly controlled by the rate of migration across some barrier it is conceivable that growth in lactose or galactose media might modify the properties of the barrier in a way which would permit a more rapid passage of lactose. An increased rate of lactose fermentation might then result without a parallel increase in lactase content. There is no experimental evidence in support of this. The ratio of QE6, (lactose) to lactase content (expressed as a QZ$* value) varied from 0.01 to 0.03 for those cases where lactose was fermented at a slower rate than glucose and where, therefore, the rate is probably not limited by the rate of overall glycolysis (Table 4) . This variation is probably not significant. The rate of lactose fermentation appears to be roughly proportional to the lactase content under these conditions.
The existence of an osmotic barrier is not the only mechanism which can be invoked to account for the apparent inactivity of over 90 yo of the lactase in Saccharomyces fragilis. Other possibilities are : ( a ) the intracellular pH value is not optimal for lactase action; ( b ) the ionic composition within the cell may not be optimal for lactase action; (c) lactase may be in combination with a specific inhibitor within the organism; ( d ) the physical state of lactase within intact organisms may be different from that after their disruption. With respect to ( a ) , the average p H value within cells of S . cerevisiae is around 5.8 (Conway & Downey, 1950) which is close to the pH value (6.0) a t which the lactase estimations were carried out in this work with S. fragilis and it seems unlikely that differences in hydrogen-ion concentration could account for the 10-to 30-fold difference in activity between intact and disrupted S . fragilis. It must be admitted, however, that we have no information regarding the local distribution of hydrogen ions within the organism ; this also applies to the local distribution of potassium and sodium ions. The potassium-ion concentration of S . fragilis is of the order of 37-5pg.lmg. dry wt. corresponding to an average concentration of between 0.1 and 0 . 2~ (R. Davies, unpublished results) which is sufficient for maximal lactase activity. This value for potassium-ion concentration agrees with the concentration worked out from the figure of 450 mg. potassium ion/lOO g. baker's yeast found by Conway & Breen (1945) . Lactase activity in the presence of 0 . 1~-potassium ion is depressed by the addition of sodium ion. However, 0 . 1~-sodium ion only halves the activity (R. Davies, unpublished results), and it seems unlikely that ionic imbalance can account for the difference in lactase activity of intact and disrupted S . fragilis. There is no evidence to support or refute possibilities ( c ) and (d), although Kaplan (1954 Kaplan ( , 1955 and Fraser & Kaplan (1955) suggested that differences in activity of yeast catalase as between intact and disrupted organisms might be due to differences in the physical state of the enzyme.
